and tAB Hassle, S-431 83 M6lndal, Sweden The kinetics of the steady-state inhibition of angiotension I-converting enzyme (EC 3.4.15.1) at 25°C and 37 'C with enalaprilat and ramiprilat can be simulated, assuming only one inhibitor-binding site, consistent with a 1:1 stoichiometry if the protein concentration was determined by amino acid analysis. In this temperature range the apparent inhibition constants for ramiprilat and enalaprilat were roughly doubled by a decrease in the chloride concentration from 0.300 M to 0.120 M.
INTRODUCTION
Angiotensin I-converting enzyme (ACE, peptidyl-dipeptide hydrolase, EC 3.4.15.1) has a central role in the regulation of blood pressure [1] . This zinc exopeptidase catalyses the removal of the C-terminal dipeptide from the vasodilating nonapeptide bradykinin and the formation of the vasoconstricting octapeptide angiotensin II from the decapeptide angiotensin I.
Recently the genes for human kidney and mouse kidney ACE have been cloned and their complete amino acid sequences identified [2, 3] . ACE consists of a single peptide chain, organized into two domains with considerable similarity of sequence [4] . In each of the domains there is a putative metal-ion-binding site with an almost identical amino acid sequence, indicating a possibility for two active sites. However, only one Zn2+ ion is bound per molecule of ACE [5, 6] , suggesting that ACE contains only one active site.
Synthetic ACE inhibitors have been developed that are currently used in the treatment of hypertension and congestive heart failure [7] . In specific inhibitors, such as enalaprilat and ramiprilat ( Fig. 1) , a carboxylate group probably co-ordinates with the Zn2+ ion [8] . In kinetic studies these two powerful inhibitors have been classified as reversible, competitive and slow tight-binding inhibitors [8, 9] .
In the present work we quantify the number of inhibitorbinding sites by performing enzyme kinetic titrations with pure rabbit lung ACE and enalaprilat or ramiprilat. We also reevaluate the strength of the steady-state inhibition, comparing the generally used assay conditions (0.3 M-NaCl and 25°C) with more physiological temperature and chloride concentrations (0.12 M-NaCl and 37°C). 
MATERIALS AND METHODS

Enzyme
Pure rabbit lung ACE was a gift from Peter Bunning (Hoechst A.G.). ACE was purified essentially as previously described [10] . Two different enzyme batches were used. Batch I was found to be electrophoretically homogeneous by SDS/PAGE with PhastSystem (Pharmacia-LKB Biotechnology, Lund, Sweden). Batch II contained 88 % ACE, obtained from staining with Coomassie Brilliant Blue and quantified with a Phastlmage densitometer (Pharmacia-LKB Biotechnology). Concentrated ACE was stored in small portions in standard assay buffer containing 0.300 M-NaCl, and no BSA, at -70 'C.
Amino acid analysis was performed by Aminosyraanalyscentralen, University of Uppsala (Uppsala, Sweden), according to standard techniques [11] . Tryptophan and cysteine were not determined. The protein concentration was determined from amino acid analysis, by using Mr 147000 [2, 3] and from the concentrations of 16 individual amino acids deduced from the amino acid composition [3] . The standard assay buffer contained 50.0 mM-Hepes, 1 
Kinetic evaluation
The kinetic steady-state method for the study of slow tightbinding inhibitors is based on eqn. (1) , which, with certain limitations, is valid for any steady-state 1: 1 interaction of enzyme and inhibitor [13, 14] :
Outliers were defined as rates that deviate between calculated and observed values, by at least 2.5 times the experimental S.D., defined as (residual sum of least squares)/(number of observations-numbers of parameters) [16, 17] .
RESULTS
Enzyme stability
The enzyme activity in the absence of inhibitor was not significantly changed during the preincubation at 25°C, as also observed by others [18] . It was confirmed that the concentrated enzyme was stable for months at 4 'C in a standard assay buffer containing 0.300 -NaCl, and no BSA [19] . Preincubation of diluted vn*yne at 37°C in the standard assay-buffer containing 0.120 M-NaCl for 16-24 h resulted in approx. 15 % decrease in activity. However, preincubation at 25°C followed by 2.5 h at 37°C did not significantly change the activity.
Enzyme concentration
The amino acid composition of rabbit lung ACE from batches I and II (results not shown) was consistent with the amino acid composition deduced from cloned mouse kidney ACE [3] . The total protein concentration, according to the total (and in- Initial velocities (v) were measured from the first 15 %, or less, of hydrolysis. Randomly sampled initial-rate values were used for parameter determination by weighted regression analysis using the Marquardt algorithm [15] .
[E]StOi,,C can be determined from the semi-linear plots of initial rates against total enzyme concentration, [E] Temperature-dependence of substrate hydrolysis Fig. 3 shows that the rate of Fa-FGG hydrolysis by ACE increases linearly in the narrow temperature range. The rate of hydrolysis was identical in the standard assay buffer containing either 0.120 M-or 0.300 M-NaCl in the temperature range 25-37°C. Fig. 3 . Effect of temperature on ACE activity Substrate hydrolysis was initiated by the addition of Fa-FGG to a final concentration of 50/M in the standard assay buffer containing 0.120 M-NaCl (O>) or 0.300 M-NaCl (*) with 0.14 nM-ACE (batch I). The continuous line is a fit of all initial rates, v, to a straight line by regression analysis. Other assay and preincubation conditions were as described in the Materials and methods section. The values for kobS and KTPP determined from the fit to eqn.
(1) are presented in [14, [24] [25] [26] . Used diag ramiprilat presented as fairly straight lines (slop is also similar to the value obtained from a fit to a modified eqn.
(1), under the generally used assay conditions [8] .
No other studies have reported values for KPP-for these inhibitors with purified ACE under physiological conditions. However, the 3-fold higher affinity of enalaprilat at 0.300 Mcompared with 0.120 M-NaCl (Table 2 part a) is consistent with the 7-fold increase between 0.300 M-and 0.020 M-NaCl at 25°C [27] . However, no increase in the rate of hydrolysis of Fa-FGG in the absence of inhibitor (Fig. 3) was found when the chloride -= =-='= dconcentration was raised from 0.12 M-to 0.30 M-NaCl, in contrast with ref. [20] , where a 20% increase in the activity was 0. (Fig. 4 and Table 2 parts a and b). The
The determination of the protein concentration based on the h inhibitors decreased on the average to published £280 may overestimate the ACE concentration. The he temperature range 25-37°C (Table 2) , reported 6280 values were based on total protein concentration case in ACE activity by 2-fold (Fig. 3) . In determined by the Lowry method [28] with BSA as standard. K. P-values for enalaprilat and ramiprilat However, this method is not suitable for glycoproteins such as by a decrease in the chloride concentration ACE [29] . A recalculation of e280, assuming identical amino acid M-NaCl (Table 2 part a). composition for rabbit lung ACE [5, 30, 31] and mouse kidney ACE [3] , using the reported number of amino acid residues (1274-1277) and Mr (147000) [2, 3] , gives an £280 of e binding sites [2, 3] . Moreover, kinetics of from amino acid analysis (Table 1) . nthetic substrate indicate that ACE has
The preferred method for [E]t determination, i.e. titration with ,ubstrate-binding site and a low-affinity a specific inhibitor [32] , requires a powerful inhibitor and an [21] . However, the presence in ACE of independent method for enzyme protein determination, to dens to be sufficient for optimal activity [6] . termine enzyme/inhibitor stoichiometry. To fulfil these requireof ACE by the very closely related tightments we used enlaprilat and ramiprilat, two of the most powerful niprilat and enalaprilat to characterize inhibitors so far reported [33] , in inhibitor-binding-site titrations. inhibitor-binding sites under the generally Moreover, we determined the enzvme protein concentration by and also under more physiological condi-amino acid analysis. In general, eqn. (1) gives a useful description temperature and chloride concentration.
of the two different titration methods under the conditions used eqn. (1) for kinetic titrations, with both and appears to provide a correct description of the steady-state ilat, indicated that ACE has a single highkinetics for these tight-binding inhibitors. Regression analysis Dr these tight-binding inhibitors. In the using both eqns. (1) and (2) [19] , although the latter two in principle based their enzyme concentration on u.v. absorbance.
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